Whey acidic protein/four-disulfide core domain 21 (Wfdc21), also known as Lnc-DC, it has been reported to be correlated with immune response. However, the role of Wfdc21 in the pathogenesis of sepsis is still unknown.
Background
Sepsis is the primary cause of death in intensive care units (ICUs) and leads to substantially decreased quality of life in surviving patients [1] . The morbidity caused by sepsis reaches around 50-95 cases per 100 000 people in the USA annually [2] , leading to high average mortality rates: 41% in Europe and 28% in the USA [3] . Current management of sepsis includes eradication of the infection source with use of appropriate antimicrobial treatment, together with aggressive supportive care or pulmonary therapy [4] . Despite the progress made in sepsis management and treatment, lack of understanding of the pathogenesis of sepsis hinders success in developing specific anti-sepsis medicines. In the mouse cecal ligation and puncture (CLP) model, some key proteins have been identified to be critical in sepsis pathogenesis, such as interleukins [5] and Toll-like receptors (TLR) [6] . All these proteins are correlated with the expression of pro-inflammatory cytokines and cell adhesion molecules [7] . Therefore, these proteins may serve as therapeutic targets in sepsis treatment.
WAP four-disulfide core domain 21 (Wfdc21) is one of the long non-coding RNAs (LncRNAs), which are regulatory RNAs longer than 200 nt and without protein-coding function. Wfdc21, also known as Lnc-DC, is specifically expressed in dendritic cells [8] .
There have been few studies on Wfdc21. The other member of the whey acidic protein/four-disulfide core (WAP/4-DSC) family, called Wdnm1, was characterized as a differentiation-dependent gene in white and brown adipogenesis and a new adipokine, functioning in activation of matrix metalloproteinase-2 (MMP-2) [9] , an enzyme that can catalyze the degradation of collagen and extracellular matrix [10] . WAP/4-DSC also plays roles in respiratory health and disease [11] . Wfdc family members are critical in occurrence of inflammation. In the lungs, Wfdc12 regulates the inflammatory response [12] . Wfdc1 is a key modulator of inflammatory and wound repair responses. Wfdc1 modulates inflammatory responses in wound repair [13] . Wfdc21 controls human dendritic cell differentiation through Stat3 signaling (8) . It also induces the over-maturation of decidual dendritic cells in preeclampsia patients [14] . Functionally, Wfdc1 is likely to be established as a biomarker for systemic lupus erythematosus [15] . All these findings suggest that Wfdc family members can regulate the immune system and modulate the inflammatory response. Since sepsis is a dysregulated host response to infection, mainly mediated by the inflammatory response, we hypothesize that Wfdc family members are likely to play important roles in sepsis pathogenesis.
In the present study, we demonstrated the role of Wfdc21 in sepsis progression using a CLP-induced animal model and a cell-based model.
Material and Methods

Sepsis model
Thirty-two Balb/c mice, age 6 weeks, of Specific Pathogen-Free (SPF) grade, (weighing 20-25 g, female-to-male ratio 1: 1) were purchased from the Experimental Animal Center of Sun Yat-sen University (Guangzhou, China). The use of animals in this study was approved by the Animal Care Committee of Guangzhou Red Cross Hospital (Guangzhou, China). Cecal ligation and puncture (CLP) is a widely used experimental model of sepsis, which closely mimics the clinical symptom of sepsis, and CLP models exhibiting polymicrobial sepsis are considered as the criterion standard in sepsis research [16] . The CLP-induced sepsis model was developed as previously described [17] . In brief, after an overnight fast, mice were anesthetized using intraperitoneal injection of 30 mg/kg pentobarbital. A 1.5-cm midline incision was made on the anterior abdomen. The cecum was carefully isolated and the distal 1 cm was ligated. Then, the cecum was punctured once with a sterile 18-gauge needle, and was squeezed to extrude the cecal contents from the wounds. The cecum was repositioned and the abdomen was closed. Mice in the sham control group (n=2) underwent the same surgery, and the cecum was manipulated without being ligated or perforated. All mice were administered saline (2 ml/100 g body weight) subcutaneously immediately after surgery for fluid resuscitation. Two mg/kg buprenorphine was administrated via intraperitoneal injection to relieve pain, and 10 mg/kg antibiotic (amoxicillin sodium) was administrated by intraperitoneal injection after the surgery to prevent infection. Animals were euthanized at 0, 4, 8, 16, or 24 h (n=6/group) after CLP surgery. Peripheral blood was collected and centrifuged at 3500×g for 10 min at 4°C, and the supernatant serum was collected and stored at -20°C for further analysis. The kidneys and liver were dissected and stored in liquid nitrogen for further analysis.
Cell culture
The mouse macrophage-like cell line RAW 264.7 was purchased from the American Type Culture Collection (ATCC, Manassas, VA). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) at 37 o C in a 5% CO 2 incubator. All the medium components were purchased from Thermo Fisher (Sunnyvale, CA, USA). Lipopolysaccharide (LPS)-stimulated macrophages are a widely used model of sepsis in vitro [18] . Therefore, in the present study we used the LPSstimulated RAW264.7 to mimic sepsis in vitro. The cells were treated with different doses (1, 10, 50, or 100 ng/ml) of lipopolysaccharide (from Escherichia coli 055: B5, Cat. No. L2880, Sigma-Aldrich) for 4, 8, 16, or 24 h.
Periodic acid-Schiff (PAS) staining
PAS staining was used to assess the glycogen content in the kidneys and liver of sepsis mice. The procedure of PAS was carried out as described previously [19] . Briefly, the kidney and liver tissue sections were deparaffinized in xylene, hydrated in graded ethanol, and then fixed in methyl Carnoy's solution, followed by washing 3 times with phosphate-buffered saline (PBS). Sections were then incubated with 0.5% periodic acid, washed in PBS, and stained with Schiff's reagent. Images were acquired using an Eclipse 90i microscope at 200× magnification (Nikon, Tokyo, Japan) equipped with a DP71 CCD camera image capture system (Olympus, Tokyo, Japan). The images were analyzed using Image-Pro Plus version 6.1, and glycogen content of each tissue is expressed as a percentage of the area that stained positive glycogen (% Area PAS + ).
Enzyme-linked immunosorbent assay (ELISA)
To confirm that sepsis was established in mice, we assessed serum IL-6 and IL-10 at 4 and 8 h after CLP or sham surgery by using ELISA kits (Cat. No. EK0411 and 0417; Boster Biological Technology Co. Ltd., Wuhan, China). The serum samples or cell samples were collected at different time points after CLP surgery or LPS treatment. Serum IL-1b and TNF-a concentration change among different groups was monitored by ELISA. After coating, plates were sequentially washed with PBST buffer and blocked with 1% BSA and incubated for 1 h at 37°C. Then, anti-IL-1b (Cat. No. EK0394) or TNF-a antibody (Cat. No. EK0527) (Boster Biological Technology Co. Ltd, Wuhan, China) and HRP-conjugated antibody were sequentially added and incubated for 1 h at 37°C. The detection was achieved by adding chromogenic substrate, 3,3',5,5'-Tetramethylbenzidine (TMB). Absorbance was measured at 450 nm with an EnSpire multimode plate reader (Perkin Elmer, Waltham, MA).
RNA extraction and qPCR
Total RNA extraction was performed using TRIzol reagent (Life Technologies) according to the manufacturer's instruction. Two micrograms of total RNA extracted from the cells was subjected to reverse transcription (RT). Synthesis of cDNA was performed by using the one-step RT-PCR kit from Takara. SYBR Green (Toyobo) RT-PCR amplification and real-time fluorescence detection were performed using an ABI 7300 real-time PCR thermal cycle instrument (ABI, USA), according to the supplied protocol. Primers used were: Wfdc21-F: GTTGGTGTCCCTCATCACCC, Wfdc21-R: CACAGGTGCCTAAAAGCTGC; b-Actin-F: GGCTGTATTCCCCTCCATCG, b-Actin-R: CCAGTTGGTAACAATGCCATGT. Each PCR reaction contained 20 μl solution, including cDNA template, primers, and SYBR green mix. The protocol was: 3 min at 98°C followed by 30 cycles, including 15 s at 98°C, 15 s at 55°C, and 30 s at 72°C. Relative gene expression was calculated by the 2 -∆∆Ct method.
Western blotting
For protein extraction, cultured cells were first lysed in cell lysis buffer, the cell lysate was centrifuged at 10 000×g for 10 min at 4°C, and the clear supernatant was collected. After determination of protein concentrations by the BCA method, 100-μg protein samples were loaded on each lane of 10% polyacrylamide gel, and then blotted onto a polyvinylidene difluoride (PVDF) membrane. After blocking with PBST containing 5% nonfat dry milk, the membrane was incubated with antibodies against TLR4 (Santa Cruz, sc-293072, 1: 500), P-Stat3 (Cell Signaling Technologies, cst9145, 1: 1000), Stat3 (Cell Signaling Technologies, cst9139, 1: 1000), and GAPDH (Transgen, HC301, 1: 8000). Peroxidase-linked anti-rabbit IgG (Life Technologies, USA) was used as secondary antibody. These proteins were visualized by using an ECL Western blotting detection kit (Amersham Biosciences) and were analyzed by ImageJ software version 1.48 (NIH, MD, USA).
Wfdc21 knockdown by RNA interference
The genetic sequence of Wfdc21 was obtained from GenBank (https://www.ncbi.nlm.nih.gov/nuccore/NC_000077.6?repor t=genbank&from=83746940&to=83752646). Short hairpin RNA (shRNA) targeting Wfdc21 and a scrambled sequence serving as control were cloned into the lentiviral vector with 2 other plasmids coding for the lentiviral envelope (pCMV-VSV-G) and packaging proteins (pCMV delta R8.2). The sequence of shWfdc21 was GTTAACAACTGCATGAAGCTAGGAGCCT TTTCAAGAGAAAGGCTCCTAGCTTCATGCTTTTTTCCTCGAG. Those constructs were co-transfected into 293T cells using Lipofectamine 2000 (Life Technologies, USA) and viral particles were collected 48 h later as described previously [20] . RAW 264.7 cells were infected with lentiviruses containing Wfdc21 shRNA or scrambled sequence for 24 h.
Statistical analysis
The concentration of in ELISA was calculated by the standard curve derived from the standard sample provided in ELISA kit. The value of grey area in Western blot data was analyzed by Image J software version 1.48. Data are presented as mean value + standard deviation (SD). Statistical analysis was performed using the Mann-Whitney U test for pooled data from
Results
Abnormal glycogen distribution in the CLP-induced sepsis model
To confirm the successful establishment of the CLP-induced sepsis model, we assessed the glycogen distribution in kidney and liver by Periodic acid-Schiff (PAS) stain. The glycogen was stained by PAS and observed as red and the nuclei were observed as blue. The area of glycogen PAS staining was measured by image analysis using Image-Pro Plus. The data indicated that glycogen was evenly distributed in liver and kidneys of control animals without the CLP surgery ( Figure 1A , 1B), but glycogen aggregation appeared in the kidneys and liver in the sepsis model at 4 h after CLP ( Figure 1A , 1B), and this aggregation appears to be gradually weakened with prolonged CLP surgery ( Figure 1A, 1B) . Therefore, these data show that glycogen distribution in kidneys and liver is affected by CLP, demonstrating the establishment of the sepsis model.
Elevated IL-6, IL-10, and IL-1b/TNF-a concentrations and Wfdc21 level in the sepsis model
To further validate sepsis model establishment, we assessed the alteration in serum IL-6 and IL-10 levels. Induction of proinflammatory and anti-inflammatory cytokines, such as IL-6 and IL-10, has been documented in sepsis [21] . We found that pro-inflammatory IL-6 and anti-inflammatory IL-10 were 
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significantly increased in CLP animals compared to sham animals at 4 h and 8 h after surgery ( Figure 1C ). In addition, the dynamic changes in serum IL-1b and TNF-a levels at 0, 4, 8, 16, and 24 h after CLP surgery was measured. The ELISA data demonstrated that both IL-1b and TNF-a concentrations were significantly increased at 4 h and reached the maximum at 8 h after CLP surgery (Figure 2A, 2B) . Then, the IL-1b and TNF-a concentrations decreased at 16 and 24 h after CLP surgery (Figure 2A, 2B) . However, the IL-1b and TNF-a concentrations at 16 h after CLP surgery were still higher than in the control animals (Figure 2A, 2B) , while the IL-1b concentration at 24 h after CLP surgery was lower than in the control animals (Figure 2A ). In kidneys, the Wfdc21 mRNA level was increased at 8, 16, and 24 h after CLP surgery ( Figure 2C ), while the Wfdc21 mRNA level was significantly increased at all 4 time points (4, 8, 16 , and 24 h) in liver ( Figure 2D ). IL-6, IL-10, IL-1b, and TNF-a concentrations in serum, as well as Wfdc21 level in liver and kidneys, was elevated in the sepsis model.
LPS increased the IL-1b/TNF-a concentrations and Wfdc21 level in RAW264.7 cells
To confirm the role of Wdfc21 in the pathogenesis of sepsis, mouse macrophages line RAW264.7 cells was treated with LPS to mimic the sepsis progression in vitro. The ELISA data indicated that the IL-1b and TNF-a concentrations in supernatants reached the highest level at 8 h after 1-ng/ml LPS treatment ( Figure 3A, 3B) . At 4 and 8 h after 10-ng/ml LPS treatment, the IL-1b concentration was significantly higher than in the untreated group ( Figure 3A) . However, the increase in IL-1b concentration was not present when the LPS treatment duration was extended to 16 or 24 h, or when 50 and 100 ng/ml LPS was used ( Figure 3A) . By contrast, the change in TNF-a concentration was more obvious, since all 4 doses of LPS significantly increased TNF-a concentration at various exposure times ( Figure 3B) . Similarly, all 4 concentrations of LPS increased Wfdc21 mRNA level at 8 h after stimulation ( Figure 3C ). These data demonstrate that Wfdc21 expression level and 
LPS-induced sepsis in RAW264.7 cells activated the Stat3/ TLR4 signaling pathway
Then, we assessed whether LPS-induced sepsis in in vitro was correlated with the activation of the Stat3/TLR4 signaling. Western blotting data indicated that the p-Stat3 level began to increase at 8 h after LPS stimulation, and the p-Stat3 level continued to increase at 16 h and decreased at 24 h after LPS stimulation (Figure 4 ). Similar results were obtained for the TLR4 level, showing increased TLR4 levels at 8 and 16 h, and decreased levels at 24 h after LPS stimulation (Figure 4 ). There appear to be 2 bands for Stat3 and for p-Stat3; because Stat3 has 2 subtypes (Stat3a and Stat3b), they are coexpressed in various cell types. The phosphorylation of Stat3 should be a rather quick event occurring in less than 8 h, unlike the transcription of TLR4; however, our Western blotting results showed the expression of p-Stat3 and TLR4 simultaneously, which indicated that the increase of p-Stat3 occurs immediately after upregulated expression of TLR4. This dynamic change in p-Stat3 and TLR4 levels after LPS stimulation demonstrates the involvement of Stat3/TLR4 signaling with the LPS stimulation in macrophages.
Downregulation of Wfdc21 decreased IL-1b and TNF-a concentrations in LPS-treated macrophages
Since LPS could change IL-1b and TNF-a as well as the Wfdc21 simultaneously, we assessed whether Wfdc21 regulates the IL-1b and TNF-a concentrations in LPS-treated macrophages. Wfdc21 mRNA level was significantly decreased in shWfdc21-transfected cells compared to the scramble control ( Figure 5A ).
Neither IL-1b nor TNF-a concentration was significantly increased by LPS stimulation when Wfdc21 was downregulated, while the scramble control transfected cells showed robust increases in IL-1b and TNF-a concentrations in the presence of LPS, and the knockdown of Wfdc21 showed a slight decrease in the secretion of IL-1b and a significant decrease in the expression of TNF-a ( Figure 5B, 5C ). These data show that Wfdc21 can regulate the IL-1b or TNF-a levels that were elevated by LPS stimulation.
Downregulation of Wfdc21 prevented the activation of the Stat3/TLR4 signaling pathway
Then, we determined if regulation of Wfdc21 controlled activation of the Stat3/TLR4 pathway. Wfdc21 downregulation led to the reduced level of p-Stat3 or TLR4 with or without the LPS treatment at 0 h ( Figure 6 ). In shWfdc21-transfected cells, LPS significantly increased the p-Stat3 or TLR4 level at 16 h compared to shWfdc21-transfected cells at 0 h of LPS treatment ( Figure 6 ). Therefore, it is possible that Wfdc21 can regulate the Stat3/TLR4 signaling pathway activated by LPS treatment.
Discussion
It has been reported that Wfdc21 protein (Lnc-DC) affects the differentiation of monocytes into dendritic cells, as well as the T cell activation [8] . Therefore, it is reasonable to speculate that Wfdc21 plays a vital role in immune responses. In previous reports, sepsis resulted in the glycogen accumulation in multiple tissues, including lung [22] , liver [23] , and kidney [24] . Through an in vitro model, it was demonstrated that sepsis progression controls hepatic glycogen metabolism [25] . Patients with sepsis are characterized by disordered energy metabolism, such as increased protein decomposition, glycogen accumulation, and fat mobilization, and these metabolic changes can serve as biomarkers for sepsis severity [26] . In addition, sepsis-induced liver glycogen accumulation can cause reduced food intake and induce insulin resistance [27] . A major feature of the progression of sepsis is failure to regulate glucose homeostasis [28] . The kidneys and liver have been found to participate in the synthesis and accumulation of glycogen during the progression of sepsis [29, 30] . Several studies have attributed the alteration of glycogen stores to changes in the activities of glycogen synthase [31, 32] , and glucose metabolic disorder is mediated by inflammatory cytokines such as IL-1, IL-6, and TNF-a [33] . These cytokines can have direct effects on hepatocytes or alter the expression levels of glycol-regulatory hormones.
In this study, we investigated the function of Wfdc21 in sepsis pathogenesis. We found that Wfdc21 level was elevated in sepsis models, and regulation of this gene controls the secretion of IL-1b and TNF-a induced by LPS stimulation in macrophages. The Stat3/TLR4 signaling pathway was mediated by Wfdc21 in LPS-treated macrophages. Therefore, we hypothesized that Wfdc21 is critical in sepsis occurrence and may serve as a potential target in therapy against sepsis. Our findings demonstrated the glycogen accumulation was enhanced in the liver and kidneys in a CLP-induced sepsis model, furthering proving the potential sepsis pathogenesis in term of glycogen metabolism. In addition, we found that the downregulation of Wfdc21 controls the secretion of pro-inflammatory factors induced by the LPS stimulation in macrophages.
In previous studies, it has been reported that TNF-a and IL1b mRNA was rapidly induced by LPS stimulation, and that macrophages secrete numerous pro-inflammatory cytokines, including TNF-a and IL-1b, in order to mediate the inflammatory response [34, 35] . Unexpectedly, our results revealed that TNF-a and IL-1b secretion is independent of the LPS concentration, and Wfdc21 expression is also independent of the LPS concentration. It appears that, unlike IL-1b, TNF-a is constitutively active even in untreated cells. Beutler et al. [35] have shown that regulation of TNF-a expression in macrophages exposed to LPS occurs post-transcriptionally, indicating that its accumulation is due mainly to post-transcriptional stabilization. We predict that in macrophages, TNF-a and IL-1b are regulated by Wfdc21 transcriptional activity. It will be important to determine the mechanisms whereby LPS-induced TNF-a and IL-1b secretion is modulated by Wfdc21 expression in further research. Macrophages are differentiated from circulating monocytes through the induction of local growth factors, including pro-inflammatory cytokines [36] . Therefore, Wfdc21 may inhibit the secretion of IL-1b and TNF-a in LPS-treated macrophages through controlling the differentiation of monocytes. IL-1b and TNF-a are 2 of the main pro-inflammatory factors, which are critical in inflammation and are key factors in evaluating sepsis progression [37, 38] . We found the knockdown of Wfdc21 caused a slight decrease in IL-1b and TNF-a levels. shWfdc21 also significantly increased the p-Stat3 or TLR4 level at 16 h. These data suggest that the Stat3/TLR4 signaling pathway is involved in the regulation of Wfdc21-controlled secretion of IL-1b and TNF-a. The downstream mediators of the Stat3/TLR4 signaling pathway are still unknown; prime candidates are the pro-inflammatory cytokines (IL-1b and TNF-a), increased gene expression and production of these cytokines, most probably mediated by the transcription factor NFkB, which have been demonstrated in previous studies [39, 40] . Our data showing that regulation of Wfdc21 altered IL-1b and TNF-a concentration lead us to conclude that Wfdc21 plays a critical role in modulating sepsis progression through affecting proinflammatory factors.
Based on the LPS-stimulated-macrophages model, we demonstrated that the effect of Wfdc21 on pro-inflammatory factors secretion in LPS-treated macrophages was likely to be mediated by Stat3/TLR4 signaling. This is consistent with the finding that Wfdc1 promote the phosphorylation of tyrosine-705 of Stat3 by binding to Stat3, thus affecting the transcription of downstream genes [8] . Therefore, probing the downstream signaling will be a potential future research direction. Engagement of TLR4 induces the TRIF-dependent signaling pathway, leading to the production of interferon (IFN)-b [41] , which is critically regulated by NF-kB signaling [42] . This is a potential underlying mechanism of the effect of Wfdc21 regulation on sepsis progression, since the presence of Wfdc21 expression can induce inflammation, and this process is probably counteracted by inhibiting the proliferation of macrophages. Stat3 is a major signaling molecule that regulates the inflammatory activities of various cell types [43] . Phosphorylation of Stat3 is a critical step in sepsis pathogenesis [44] . TLR4 is recognized as an innate immunity receptors, the activation of TLRs results in the induction of the genes involved in antimicrobial activity [45] . In the present study, knockdown of Wfdc21 was shown to immediately decrease the expression of TLR4 at 0 h, which suggests that Wfdc21 positively regulates the expression of TLR4 protein. LPS is an agonist for Toll-like receptor (TLR) 4 and expresses many genes, including NF-kB and interferon regulatory factor (IRF)-3/IFN-inducible genes in macrophages and dendritic cells (DCs) [46] . After 16 h of LPS treatment, TLR-4 showed a slight increase, indicating that it is essential for the activation of the immune response induced by LPS. It has been reported that activation of TLR4 by its principal agonist, LPS, results in an immunostimulatory intracellular signaling pathway leading to the activation of the transcriptional factor, NFkB [12] . Our data show that TLR4 expression was inhibited by shWfdc21, and then responded rapidly to LPS stimulation. Thus, it is important to determine how the downstream genes of the Stat3/TLR4 signaling pathway regulate the occurrence and progression of sepsis. Downstream genes such as Akt, ERK, and NF-kB need to be investigated further.
Conclusions
In conclusion, our main findings are that Wfdc21 was upregulated in the sepsis models, Wfdc1 downregulation inhibited the secretion of pro-inflammatory factors, and the Stat3/ TLR4 signaling pathway was involved in the process. Thus, these findings indicate that Wfdc21 plays a critical role in the pathogenesis of sepsis.
